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Abstract
We explore further applications of the twist-two quark interference frag-
mentation functions introduced earlier. We show that semi-inclusive pro-
duction of two pions in the current fragmentation region in deep inelastic
scattering of a longitudinally polarized electron on a longitudinally polarized
nucleon can provide a probe of the valence quark spin (or helicity difference)
distribution in the nucleon.
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Measurements of quark and gluon distributions within hadrons provide us with valuable
information about the nonperturbative nature of the quarks and gluons inside the hadrons.
In a recent Letter [1], we have studied semi-inclusive production of two pions in the current
fragmentation region in deep inelastic scattering on a transversely polarized nucleon. This
may provide a practical way to measure the quark transversity distribution in the nucleon,
which has proved difficult to access experimentally [2–8]. In this paper, we extend our
study to the case of a longitudinally polarized electron beam scattering off a longitudinally
polarized nucleon target. We show that the interference between the s- and p-wave of the
two-pion system around the ρ can provide an asymmetry [Eq. (6)] which is sensitive to the
valence quark spin distribution in the nucleon. Note that the asymmetry would vanish by
C-invariance if the two pions were in a charge conjugation eigenstate. Hence there is no
effect in regions of the ππ mass dominated by a single resonance. Significant effects are
possible, however, in the ρ mass region where the s- and p-wave production channels are
both active and provide exactly the charge conjugation mixing necessary.
The asymmetry we obtain throws pions of one charge forward along the fragmentation
axis relative to pions of the other charge. If one integrated over the other kinematic variables,
whatever result persisted would appear as a difference between the π+ and π− fragmentation
functions correlated with the valence quark spin distributions. This effect in single pion
fragmentation was proposed and studied some years ago by Frankfurt et al. [9] and Close
and Milner [10]. The asymmetry we describe is therefore one particular contribution to this
more general effect, with the advantage that it can be characterized in terms of ππ phase
shifts and two particle fragmentation functions that appear in other hard processes.
Consider the semi-inclusive deep inelastic scattering process: ~e ~N → e′π+π−X . We define
the kinematics as follows. The four-momenta of the initial and final electron are k = (E,~k)
and k′ = (E ′, ~k′), and the nucleon’s momentum is Pµ. The momentum of the virtual photon
is q = k−k′, and Q2 = −q2 = −4EE ′ sin2 θ/2, where θ is the electron scattering angle. The
standard variables in DIS, x = Q2/2P · q and y = P · q/P · k, are adopted. We work at
low ππ invariant mass, where only the s- and p-waves are significant. The σ[(ππ)I=0l=0 ] and
ρ[(ππ)I=1l=1 ] resonances are produced in the current fragmentation region with momentum Ph
and momentum fraction z = Ph · q/q2.1 The invariant squared mass of the two-pion system
is m2 = (k+ + k−)
2, with k+ and k− the four-momentum of π
+ and π−, respectively. The
decay polar angle in the rest frame of the two-pion system is denoted by Θ. Note that the
azimuthal angle φ of the two-pion system does not figure in present analysis and can be
integrated out.
Following Ref. [1], we use a collinear approximation, i.e., θ ≈ 0 for simplicity, and work
only to the leading twist (the complete analysis will be published elsewhere [11]). Invoking
the helicity density matrix formalism developed in Refs. [12,8], we factor the process into
various basic ingredients expressed as helicity density matrices:
1We recognize that the pipi s-wave is not resonant in the vicinity of the ρ and our analysis does
not depend on a resonance approximation. For simplicity we refer to the non-resonant s-wave as
the “σ”.
1
[
d5σ
dx dy dz dm2 d cosΘ
]
H′H
= F h1h′1H′H
[
d2σ(eq → e′q′)
dx dy
]h2h′2
h′
1
h1
[
d2Mˆ
dz dm2
]H1H′1
h′
2
h2
[
dD
d cosΘ
]
H′
1
H1
, (1)
where hi(h
′
i) and H(H
′) are indices labeling the helicity states of quark and nucleon, and
H1(H
′
1) labeling the helicity state of the resonance (σ, ρ). Physically, the four factors
on the right-hand side of Eq. (1) represent the N → q distribution function, the hard
partonic eq → e′q′ cross section, the q → (σ, ρ) fragmentation, and the decay (σ, ρ) → ππ,
respectively. In order to incorporate the final state interaction, we have separated the q →
π+π− fragmentation process into two steps. First, the quark fragments into the resonance
(σ, ρ), then the resonance decays into two pions (see Figure 1 of Ref. [1]).
The s-p interference fragmentation function describes the emission of a ρ(σ) with helicity
H1 from a quark of helicity h2, followed by absorption of σ(ρ), with helicity H
′
1 forming a
quark of helicity h′2. Imposing various symmetry restrictions, the interference fragmentation
can be cast into a double density matrix [1]
d2Mˆ
dz dm2
= ∆0(m
2)
{
I ⊗ η¯0 qˆI(z,m2) + (σ+ ⊗ η¯− + σ− ⊗ η¯+) δqˆI(z,m2)
}
∆∗1(m
2)
+∆1(m
2)
{
I ⊗ η0 qˆI(z,m2) + (σ− ⊗ η+ + σ+ ⊗ η−) δqˆI(z,m2)
}
∆∗0(m
2) , (2)
where σ± ≡ (σ1 ± iσ2)/2 with {σi} the usual Pauli matrices. The η’s are 4 × 4 matrices
in (σ, ρ) helicity space with nonzero elements only in the first column, and the η¯’s are the
transpose matrices (η¯0 = η
T
0 , η¯+ = η
T
−, η¯− = η
T
+), with the first rows (0, 0, 1, 0), (0, 0, 0, 1),
and (0, 1, 0, 0) for η¯0, η¯+, and η¯−, respectively. The final state interactions between the two
pions are included explicitly in ∆0(m
2) = −i sin δ0eiδ0 and ∆1(m2) = −i sin δ1eiδ1 , with δ0
and δ1 the strong interaction ππ phase shifts. Here we have suppressed the m
2 dependence
of the phase shifts. Note that qˆI and δqˆI depend on both m
2 and z. We expect that the
principal m2 dependence will enter through the final state factors ∆0 and ∆1. To preserve
clarity, the Q2 dependence of the fragmentation functions has been suppressed. Henceforth
we suppress the m2 dependence as well.
The decay density matrix, quark distribution function, and hard scattering cross section
have been given explicitly in Ref. [1]. For completeness we quote the results relevant to the
present analysis. The interference part of the decay density matrix (after integration over
the azimuthal angle φ) is
dD
d cosΘ
= −
√
3
2πm
cosΘ (η¯0 + η0) . (3)
The quark distribution function F is expressed as [8]
F = 1
2
q(x) I ⊗ I + 1
2
∆q(x) σ3 ⊗ σ3 + 1
2
δq(x) (σ+ ⊗ σ− + σ− ⊗ σ+) , (4)
where the first matrix in the direct product is in the nucleon helicity space and the sec-
ond in the quark helicity space. Here q(x), ∆q(x), and δq(x) are the spin average, spin,
and transversity distribution functions, respectively, and their dependence on Q2 has been
suppressed. Finally, for a longitudinally polarized electron beam, the hard scattering cross
section is given by [8]
2
d2σ±(eq → e′q′)
dx dy
=
e4e2q
8πQ2
[
1 + (1− y)2
2y
(I ⊗ I + σ3 ⊗ σ3) + 2(1− y)
y
(σ+ ⊗ σ− + σ− ⊗ σ+)
±2− y
2
(σ3 ⊗ I + I ⊗ σ3)
]
, (5)
in the collinear approximation, where the ± sign refers to the initial electron helicity. Here
eq is the charge fraction carried by a quark, and we have integrated out the azimuthal angle
of the scattering plane.
The cross section can be obtained by putting all the ingredients together. To facilitate
our discussions, we define forward and backward cross sections, dσF and dσB, where the
Θ dependence has been integrated over the forward (0 ≤ Θ ≤ π/2) and backward (π/2 ≤
Θ ≤ π) hemisphere in the two-pion rest frame, respectively. For a longitudinally polarized
nucleon target with a longitudinally polarized electron beam, we then obtain the following
double asymmetry
AFB⇑⇓ ≡
(
dσF↑⇑ − dσB↑⇑
)
−
(
dσF↑⇓ − dσB↑⇓
)
(
dσF↑⇑ + dσ
B
↑⇑
)
+
(
dσF↑⇓ + dσ
B
↑⇓
) = −
√
3 y(2− y)
1 + (1− y)2 sin δ0 sin δ1 cos (δ0 − δ1)
×
∑
a e
2
a∆qa(x) qˆ
a
I (z)∑
a e2aqa(x)
[
sin2 δ0qˆa0(z) + sin
2 δ1qˆa1(z)
] , (6)
where qˆ0 and qˆ1 are spin-average fragmentation functions for the σ and ρ resonances, respec-
tively. The arrows ⇑ and ⇓ (↑ and ↓) indicate the nucleon’s (electron’s) polarization along
and opposite to the beam direction. Note that in Eq. (6) the electron’s polarization is fixed
and the asymmetry requires flipping the nucleon’s polarization. This result also holds when
the electron and nucleon polarizations are exchanged.
The flavor structure of the asymmetry AFB⇑⇓ is quite simple. Isospin symmetry gives
uˆI = −dˆI and sˆI = 0, and charge conjugation requires qˆaI = −ˆ¯qaI . This implies
∑
a e
2
a∆qa qˆ
a
I =
[4/9∆uv − 1/9∆dv] uˆI , where ∆qv ≡ ∆q − ∆q¯. Therefore AFB⇑⇓ is sensitive to the valence
quark spin distribution. Note that the interference between the two partial waves makes the
interference fragmentation function qˆaI (z) charge conjugation odd and accesses the valence
quark spin distribution. The role of final state interactions is quite different here than
in Ref. [1]. Here the effect persists as long as two partial waves of opposite C-parity are
active, whether or not they are out of phase. This is evidenced in Eq. (6) by the factor
cos(δ0−δ1). Note that if either δ0 or δ1 goes to zero and thus only one partial wave is active,
the asymmetry vanishes as required by charge conjugation. In Fig. 1 we have plotted the
factor, sin δ0 sin δ1 cos(δ0− δ1), as a function of the two-pion invariant mass m. It is positive
over the ρ region and hence the effect does not average to zero over this region. This differs
from the case of the transversity asymmetry derived in Ref. [1], where the interference
averages to zero over the ρ region due to a factor sin(δ0 − δ1). We also see from Fig. 1 that
the interference peaks near the ρ mass, indicating that an optimal signal would be in the
vicinity of m ∼ mρ. It is unclear at this stage whether the effect would survive averaging
over the z dependence of the interference fragmentation function.
A similar forward-backward asymmetry appears in the unpolarized process
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FIG. 1. The factor, sin δ0 sin δ1 cos(δ0 − δ1), as a function of the invariant mass m of
two-pion system. The data on pipi phase shifts are taken from Ref. [13].
AFB ≡ dσ
F − dσB
dσF + dσB
= −
√
3 sin δ0 sin δ1 cos (δ0 − δ1)
×
∑
a e
2
aqa(x) qˆ
a
I (z)∑
a e
2
aqa(x)
[
sin2 δ0qˆa0(z) + sin
2 δ1qˆa1(z)
] . (7)
Isospin symmetry and charge conjugation again dictate that
∑
a e
2
a qa qˆ
a
I = [4/9uv−1/9 dv] uˆI
for π+π− system, where qv ≡ q − q¯. Given that the valence quark distributions uv and
dv are known experimentally, this asymmetry can be used to determine the interference
fragmentation function qˆaI (z) and hence isolate the valence quark spin distribution from
AFB⇑⇓ . This point becomes more transparent when AFB⇑⇓ is combined with AFB. In this case,
one can find an asymmetry independent of the interference fragmentation functions:(
dσF↑⇑ − dσB↑⇑
)
−
(
dσF↑⇓ − dσB↑⇓
)
(
dσF↑⇑ − dσB↑⇑
)
+
(
dσF↑⇓ − dσB↑⇓
) = y(2− y)
1 + (1− y)2
4∆uv −∆dv
4uv − dv . (8)
So, one may use π+π− production on both nucleon and deuteron targets to measure ∆uv
and ∆dv. Although the results in Eq. (8) are independent of z, one should keep the cross
section differential in z to avoid possibly washing out the effect.
Refs. [9,10] explain how to use single meson (pion or kaon) production in deep inelastic
scattering to measure the valence quark spin distribution in the nucleon. It is clear from
Eq. (8) that our asymmetry is a particular contribution to the ones described in Refs. [9,10].
Ours is perhaps more under control since it is differential in m2 and expressed in terms
4
of ππ phase shifts. The single particle asymmetry makes use of a larger data set. These
independent ways of measuring the valence quark spin distributions should both be pur-
sued. In addition, the asymmetries we have studied are sensitive to two particle interference
fragmentation functions which may be interesting quantities in their own right. These mea-
surements may be carried out in facilities such as HERMES at HERA and COMPASS at
CERN, both of which have sensitivity to the hadronic final state in electron scattering.
To summarize, we have discussed the applications of the twist-two interference quark
fragmentation functions introduced previously to the case of longitudinally polarized electron
beam and longitudinally polarized nucleon target. We obtain two asymmetries: one provides
a probe of the valence quark spin distribution, and the other can be used to extract the
interference fragmentation functions.
We would like to thank John Collins for pointing out an error in the earlier version of
this paper.
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